Small peptides derived from the CLAVATA3/EMBRYO SURROUNDING REGION-related (CLE) gene family play a key role in various cell-cell communications in land plants. Among them, tracheary element differentiation inhibition factor (TDIF; CLE41/CLE44 peptide) and CLE42 peptide of Arabidopsis have almost identical amino acid sequences and act as inhibitors of tracheary element differentiation. In this study, we report a novel function of TDIF and CLE42. We found by the GUS (b-glucuronidase) reporter gene assay that while CLE41 and CLE44 are expressed preferentially in vascular bundles, CLE42 is expressed strongly in the shoot apical meristem (SAM) and axillary meristems. Overexpression of CLE42 and CLE41 enhanced axillary bud formation in the leaf and cotyledon axils. Before floral transition, the emergence of axillary buds in these plants occurred in an acropetal order. Exogenous supply of either TDIF or CLE42 peptide to the wild type induced similar excess bud emergence. In vascular bundles, the TDIF RECEPTOR (TDR) acts as the main receptor for TDIF. The axillary bud emergence of tdr mutants was little affected by either of the peptides. It was confirmed by scanning electron microscopy that peptide-treated wild-type plants form an axillary meristem-like structure earlier than non-treated plants. SHOOT MERISTEMLESS (STM), a marker gene for meristems, was up-regulated in peptide-treated plants before the axillary meristem becomes morphologically distinguishable. These results indicate that CLE42 peptide and TDIF have an activity to enhance axillary bud formation via the TDR. Judging from its expression pattern, CLE42 may play an important role in the regulation of secondary shoot development.
Introduction
Growth and development of multicellular organisms are regulated by cell-cell communication. In plants, phytohormones such as auxin and cytokinin are considered to be the main molecules that mediate this process. However, recent progress in peptide signaling uncovered a pivotal role for small secretory peptides in local cell-cell communication. The CLAVATA3 (CLV3)/EMBRYO SURROUNDING REGION-related (CLE) gene family is one of the largest signaling peptide gene families in plants and encodes small proteins with a conserved CLE motif near their C-termini (Fiers et al. 2007 ). CLE peptides of about 12 or 13 amino acids long are considered to be produced from the CLE motifs and secreted into the extracellular space (Ito et al. 2006 , Ohyama et al. 2009 ). In Arabidopsis thaliana, there are at least 32 CLE genes, which predict 26 different CLE peptides based on the sequence of the CLE motif (Jun et al. 2008) .
CLV3 is a founding member of the CLE peptide family. CLV3 peptides regulate the size of the stem cell population in the shoot apical meristem (SAM) by suppressing the expression of the WUSCHEL gene. For this function, secreted CLV3 peptide is perceived by three different receptor complexes: CLV1 homomers, CORYNE (CRN)/SUPPRESSOR OF LLP1 2 (SOL2) heteromers and RECEPTOR-LIKE PROTEIN KINASE 2 (RPK2)/ TOADSTOOL 2 (TOAD2) homomers (Clark et al. 1997 , Fletcher et al. 1999 , Kondo et al. 2006 , Miwa et al. 2008 , Müller et al. 2008 , Ohyama et al. 2009 , Bleckmann et al. 2010 , Kinoshita et al. 2010 , Zhu et al. 2010 .
Other CLE peptides have also been implicated to have distinct and important functions in various developmental processes (Ito et al. 2006 , Kinoshita et al. 2007 , Okamoto et al. 2010 , Kondo et al. 2011 . Of them, the best-studied peptide is TDIF (tracheary element differentiation inhibitory factor). This dodecapeptide was identified using the in vitro xylogenesis system of Zinnia elegans L. as an extracellular factor that inhibits transdifferentiation of mesophyll cells into tracheary elements Komamine 1980, Ito et al. 2006 ). The peptide sequence of TDIF was identified as HEVHypSGHypNPISN. In Arabidopsis, TDIF is encoded by two genes, CLE41 and CLE44. CLE42 dodecapeptide has an almost identical sequence to TDIF except that the second amino acid is G, not E. Synthetic CLE42 peptide has TDIF activity in vitro. Detailed analysis has revealed that TDIF signaling plays a key role in the maintenance of stem cells and tissue polarity in the Arabidopsis vascular meristem (Etchells and Turner 2010, Hirakawa et al. 2010a) . TDIF, which is produced from CLE41 and CLE44 genes in phloem cells and their neighbors, is secreted and perceived by a leucine-rich repeat receptor-like kinase (LRR-RLK) named TDR (TDIF RECEPTOR)/ PXY (PHLOEM INTERCALATED WITH XYLEM) in procambial cells (Fisher and Turner 2007, Hirakawa et al. 2008) . This signal suppresses the differentiation of procambial cells into xylem cells and promotes their proliferation (Hirakawa et al. 2008 ). WOX4, a member of the WUSCHEL-related HOMEOBOX (WOX) gene family, acts in the TDIF signaling pathway to promote procambial cell proliferation (Hirakawa et al. 2010b ). In contrast to TDIF, knowledge about the in planta function of another TDIF-related peptide, CLE42 peptide, is limited (Strabala et al. 2006) .
In this study, we analyzed the expression pattern of CLE42 in comparison with those of CLE41 and CLE44 in detail and predicted a function for CLE42 in the regulation of axillary buds. We further examined the phenotype of plants overexpressing CLE41 and CLE42 and the effects of synthetic TDIF-related peptides with an emphasis on the initiation and development of axillary buds. From these observations, we propose that CLE42 peptide and TDIF have axillary bud-promoting activity in vivo, which is distinct from the inhibitory activity on tracheary element differentiation.
Results

CLE42 is expressed in the SAM and leaf axils
We first examined the expression pattern of CLE42 by promoter-GUS (b-glucuronidase) assay. In 7-day-old seedlings harboring CLE42 pro :GUS, GUS expression was detected in the SAM and its periphery (Fig. 1A, B) . There was no detectable GUS expression elsewhere in the seedling, including the vascular bundles. In CLE42 pro :GUS plants grown for 26 d, strong GUS signals were observed as dots in the primary inflorescence stem and paraclades (axillary flowering shoots) but not in the vasculature (Fig. 1C) . This expression pattern was very different from the patterns of CLE41 and CLE44, as regions expressing these genes were mainly related to the vasculature (Fig. 1G, H) . The longitudinal section of a paraclade showed that the expression of CLE42 was particularly strong around the leaf axil, where axillary buds form later in development (Fig. 1D) . Although this section does not include the center of the leaf axil because of the curvature of the leaf, it can be seen that the staining is clearly stronger near the leaf axil than the leaf itself or the stem. In a more developed inflorescence stem, strong expression was observed in the apical region of the stem and inside the flowers (Fig. 1E) . In a young flower, CLE42 was strongly expressed in the floral organ primordia and their basement, and the staining was weaker in other parts of the flower (Fig. 1F) . Interestingly, we observed noticeably stronger expression in the region between the carpel primordium and the stamen primordia. The CLE42 expression disappeared in the fully developed flowers (not shown). In summary, the results show that CLE42 expression is more related to the meristematic region in the shoot that give rises to other organs than to vascular bundles. This suggests that CLE42 might play a role in regulating meristematic activity.
Overexpression of CLE41 and CLE42 results in excess formation and outgrowth of axillary buds Fig. 2A) . Secondary inflorescence stems elongated out from the rosette even when the primary stem has not reached its full height. This result indicates that these plants have weaker apical dominance as reported in previous studies (Strabala et al. 2006 , Whitford et al. 2008 . The morphology of the inflorescence stems was normal, and no abnormal feature in the flowers and siliques was observed.
To ensure that these phenotypes resulted from increased mRNA levels of CLE41 and CLE42, we quantified the CLE41 and CLE42 mRNAs in total RNAs extracted from leaves of two lines of 35S pro :CLE41 plants (35S pro :CLE41-3 and 35S pro :CLE41-1) and two lines of 35S pro :CLE42 plants (35S pro :CLE42-8 and 35S pro : CLE42-12) ( Table 1) . Compared with wild-type plants, 35S pro : CLE41 plants had 60-480 times higher CLE41 mRNA levels, and 35S pro :CLE42 plants had 19,000-38,000 times higher CLE42 mRNA levels. In each case, lines that had a weaker phenotype showed lower levels of expression. This result suggests that these phenotypes result from overexpression of CLE41 and CLE42 mRNAs.
In Arabidopsis, axillary buds are formed in a directional manner. Although axillary buds are rarely initiated during the vegetative phase, when the plant enters the reproductive phase, axillary bud initiation occurs 'basipetally' (from the upper to the lower leaf axils). However, if the vegetative phase is prolonged, axillary bud formation sometimes occurs 'acropetally' (from the lower to the upper leaf axils) (Hempel and Feldman 1994 , Grbic and Bleecker 2000 , Long and Barton 2000 .
In order to determine how this general rule on axillary bud initiation was affected in bushy 35S pro :CLE41 and 35S pro :CLE42 plants, we studied the time course of initiation of axillary buds in the lines showing strong phenotypes (35S pro :CLE41-3 and 35S pro :CLE42-8). Col-0 plants grown under long day photoperiods for 21 d seldom formed visible axillary buds (Fig. 2B) . Only some early bolting plants formed axillary buds on the axils of leaves near the SAM. However, by the 21st day after germination, 35S pro :CLE41 and 35S pro :CLE42 plants frequently developed visible axillary buds in their cotyledon axils and older leaf axils before the transition to the reproductive phase (Fig. 2C, E) . In rare cases, multiple axillary buds were formed in one leaf axil (Fig. 2D ). These observations suggest that the bushy phenotype of the 35S pro :CLE41 and 35S pro :CLE42 plants results from an early and excess axillary bud initiation.
We next studied in which direction axillary bud formation is initiated, acropetally (old to young leaves) or basipetally (young to old leaves) under conditions of excess CLE42 or CLE41 mRNA. For visualization of axillary shoots, 35S pro :CLE41 and 35S pro : CLE42 plants were grown for as long as 39 d in long day photoperiods. 35S pro :GUS plants were used as a control. Plants that had not started bolting were selected to use for further analysis (Fig. 3) . The leaves of 35S pro :GUS plants subtended either no axillary bud or a very small axillary bud (Fig. 3A, E) . In contrast, 35S pro :CLE41-1 and 35S pro :CLE42-24 plants possessed many rosette leaves that subtended axillary shoots with several expanded axillary leaves (Fig. 3B , C, E). These leaves with developed axillary shoots were always the old leaves close to the base of the plant. The axillary shoots in the old leaf axils tended to carry more leaves than those in the young leaf axils. Plants from the lines with more severe phenotypes (35S pro :CLE42-8) showed similar phenotypes to a stronger degree (Fig. 3D, F) .
To quantify this enhanced axillary bud initiation in the vegetative phase, two lines with moderate phenotypes Fig. 1 Expression patterns of CLE42 compared with those of CLE41 and CLE44. (A and B) GUS staining patterns in young CLE42 pro :GUS seedlings. GUS staining was detected near the shoot apex in 7-day-old seedlings (A), especially in the SAM and young leaves as shown in the longitudinal section of 7-day-old seedlings (B). (C) GUS staining patterns of CLE42 pro :GUS at the shoot meristem and surrounding region. Strong staining was detected in paraclades but not in the vasculature. (D) Longitudinal section of a newly formed paraclade in a 21-day-old CLE42 pro :GUS plant. Note that the center of the leaf is not included in this section because the leaf is curved. Is, primary inflorescence stem; le, leaf; ps, paraclade inflorescence stem. (E) GUS staining pattern in a paraclade from the axil of a cauline leaf in a 27-day-old CLE42 pro :GUS plant. Strong GUS staining was observed in the floral buds and the apical region of the inflorescence stem. (F) Longitudinal section of a young flower of a 21-day-old CLE42 pro :GUS plant. Expression is strong in carpel and stamen primordia and their basement. Note that it is strongest in the area between the carpel and stamen primordia. c, carpel primordium; s, stamen primordia. (G and H) GUS staining patterns of CLE genes at the shoot meristem and surrounding region in 27-day-old CLE41 pro :GUS (G) and CLE44 pro :GUS (H) plants. Vascular bundle-specific staining was detected in CLE41 pro :GUS (G). GUS staining in both the inflorescence stem and vascular bundles was detected in CLE44 pro :GUS (H). The red and yellow rings indicate paraclades in C and G and the main inflorescence stem in H. Arrows indicate the expression in vascular bundles. Incubation time of GUS staining was either 2 d (A-C, E, G, H) or 1 d (D, F). The potassium ferrocyanide and potassium ferricyanide concentration in X-gluc solution was either 5 mM each (A-C, E, G, H) or 2.5 mM each (D, F). Scale bars = 100 mm in A, B, E, 1 mm in C, G, H, and 50 mm in D, F.
(35S pro :CLE41-1 and 35S pro :CLE42-24) and two lines with strong phenotypes (35S pro :CLE41-3 and 35S pro :CLE42-8) were grown on agarose medium for 19 d under continuous light ( Table 2 ). Plants that had not begun bolting were selected and the number of rosette leaf axils carrying visible axillary buds was recorded. Most of the selected plants, regardless of the genotype, had 9-11 visible leaves. Some 35S pro :GUS plants developed an axillary bud(s) in the cotyledon and old leaf axils, but the majority (18/23) carried no visible axillary bud. In contrast, most of the 35S pro :CLE41-3 and 35S pro :CLE42-8 plants developed axillary buds in leaf axils close to the base (13/15 and 11/15, respectively). 35S pro :CLE41-1 and 35S pro :CLE42-24 plants showed intermediate phenotypes in terms of excess axillary bud formation. The frequency of visible axillary buds in the CLE41-and CLE42-overexpressing plants was the highest in the axils of the two oldest rosette leaves ( Table 2 ). This frequency became lower gradually in the axils of younger leaves. Axillary buds were not found in the axil of seventh oldest or younger leaves. In rare cases, 35S pro :CLE41-3 and 35S pro :CLE42-8 plants developed axillary buds in their cotyledon axils (2/15 and 3/15, respectively). These results suggest that the acropetal axillary bud initiation is enhanced before bolting in the CLE41-and CLE42-overexpressing plants.
Exogenous application of TDIF-related CLE peptides induces axillary bud initiation
We next examined whether the exogenous application of TDIF-related peptide to wild-type plants induces a similar phenotype. Plants were grown for 20 d on agarose medium containing 5 mM TDIF (CLE41 peptide) or CLE42 peptide, and the numbers of leaf/cotyledon axils bearing visible axillary buds formed acropetally (N Ac ) were recorded as an index showing the artificial axillary bud formation activity by peptides. Control plants did not form axillary buds acropetally. TDIF and CLE42 peptide induced acropetal axillary bud formation similarly but with a slightly higher N Ac in CLE42 peptide-treated plants (Fig. 4A,  Supplementary Fig. S1 ). CLE42 peptide induced acropetal axillary bud formation in 90% of plants, and TDIF induced it in 73% (Fig 4B, C) . Plants grown with 1 mM TDIF or CLE42 peptide showed an intermediate N Ac (Supplementary Fig. S1 ). These results indicate that exogenously applied peptide can induce the excess axillary bud phenotype, which resembles that of the CLE41-and CLE42-overexpressing lines.
Because TDR is a receptor for TDIF (Hirakawa et al. 2008 ), we next examined its involvement in axillary bud formation promoted by CLE42 and TDIF. Although tdr mutants have defects in the development of vascular tissues, they grow apparently normally (Hirakawa et al. 2008) . The branching pattern of tdr mutants did not differ significantly from that of the wild type. However, tdr mutants exhibited resistance against both TDIF and CLE42 peptide in terms of excess axillary bud formation (Fig. 4A) . This result suggests that TDR is responsible for both TDIF and CLE42 peptide signaling to trigger the excess formation of the axillary buds. Previous studies reported the expression of the TDR gene in the vasculature (Fisher and Turner 2007, Hirakawa et al. 2008 ). However, there was no detailed analysis of TDR expression in shoot meristems, and therefore we made sections of TDR pro : GUS plants and analyzed TDR expression in the SAM and axillary meristem. In young seedlings, the TDR-expressing region included the SAM as well as the procambium ( Supplementary  Fig. S2A, B) . In well-developed plants, TDR was expressed mainly along the vasculature, but the expression extends close to the leaf axil ( Supplementary Fig. S2C, D) . These results are consistent with the fact that CLE42 peptide requires TDR to function.
TDIF and CLE42 peptide promote the initiation of the axillary meristem
The development of an axillary bud can be roughly divided into three stages: the initiation of the axillary meristem; the formation of a visible dormant bud; and the reactivation of the bud (McSteen and Leyser 2005) . To understand which process(es) TDIF and CLE42 peptide promote, we used scanning electron microscopy (SEM) to observe the surface structure at the axils of the first leaves of plants grown with 5 mM TDIF or CLE42 peptide for 18 d. We did not find any meristem-like structure at the observed leaf axils of non-treated plants (0/22) (Fig. 5A) . In contrast, meristem-like structure was observed in the axils of 28% (9/32) of TDIF-treated plants and 26% (9/34) of CLE42 peptide-treated plants (Fig. 5B-D) . In this report, 'meristemlike structure' refers to the bulge of small meristematic cells that is located in the leaf axil and serves as the base for the leaf primordia. Typically, only one meristem-like structure was found in the center of each leaf axil (Fig. 5B, C) . However, in one sample (1/32 of the TDIF-treated plants), two meristemlike structures were found in one leaf axil (Fig. 5D) . This plant was probably on its way to undergoing the emergence of more than one axillary bud in a single leaf axil like the overexpression mutant in Fig. 2D . These results indicate that the treatment with TDIF and CLE42 peptide promotes the initiation and the activity of the axillary meristem. In addition, all the plants treated with TDIF or CLE42 peptide had a larger vascular bundle in the petiole cross-section of the excised leaf. This is consistent with a previous report showing that TDIF promotes the proliferation of procambial cells (Hirakawa et al, 2008) . The STM gene is required for SAM initiation and maintenance, and its expression is up-regulated in the cells destined to become SAM before the SAM itself is morphologically distinguishable. This applies not only to the SAM of primary shoot but also to the axillary meristems (Long et al. 1996 , Long and Barton 1998 , Long and Barton 2000 . To examine whether the STM gene is up-regulated by the TDIF or CLE42 peptides, we observed STM pro :GUS expression in plants grown with TDIF or CLE42 peptide for 14 d, when axillary bud had not yet been formed. Indeed, no morphological difference in axils was observed between the mock-and peptide-treated plants at 14 d (data not shown). However, the GUS-staining region of STM pro :GUS, which was limited to the SAM in the mock treatment, was enlarged in both TDIF-and CLE42 peptide-treated plants (Fig. 6A-C) . In accordance with this observation, in the longitudinal sections of peptide-treated plants, STM was ectopically expressed in positions outside the vascular bundle and close to the hypocotyl, obviously far away from the SAM (Fig. 6G-I) . By staining for a shorter time period, we could clearly observe that the expression of the STM gene is promoted by these peptides (Fig. 6D-F) . The enhancement of STM gene expression by TDIF and CLE42 peptide was confirmed by quantitative reverse transcription-PCR (RT-PCR) (Supplementary Fig. S3 ). Overall, these results support the idea that the TDIF and CLE42 peptide promote the initiation of the axillary meristem.
Discussion
TDIF-related peptides promote acropetal axillary shoot formation TDIF was isolated originally as a factor that inhibits in vitro tracheary element differentiation, and the CLE42 peptide is a homolog which has a similar activity (Ito et al. 2006 ). Detailed analysis of TDIF function has revealed that it acts in the maintenance of the vascular meristem (Hirakawa et al. 2008 , Hirakawa et al. 2010a , Hirakawa et al. 2010b ). However, the overexpression of TDIF-related genes resulted in pleiotropic phenotypes including a bushy appearance with small leaves (Strabala et al. 2006 , Whitford et al. 2008 , suggesting functions of TDIF-related peptides other than vascular meristem maintenance.
As Hempel and Feldman (1994) reported, the direction of axillary bud formation and outgrowth is acropetal in the vegetative phase and basipetal after floral transition. Our results indicated that the formation of acropetal axillary buds was enhanced in CLE41-and CLE42-overexpressing mutants and TDIF-and CLE42 peptide-treated plants in the vegetative phase (Figs. 3, 4A) . Although TDIF and CLE42 peptide had almost identical effects on the promotion of axillary bud formation, CLE42 peptide had a slightly stronger effect (Supplementary Fig.  S1 ). We also noticed that, after floral transition, these plants tend to grow axillary inflorescence stems in a basipetal manner before the primary inflorescence stem fully elongates (data not shown). Thus, the axillary shoot meristem activity is enhanced throughout the lifetime of these plants. We also showed that, in tdr mutants, the effect of both TDIF and CLE42 peptide on axillary bud formation is greatly reduced. In addition, the TDR gene is expressed not only in the vasculature but also weakly in the SAM (Supplementary Fig. S2 ). Importantly, TDR is expressed in the area close to the leaf axils, where CLE42 is expressed ( Supplementary Fig. S2 ). These results strongly suggest that TDR, the main receptor for TDIF-related peptides in procambial development, is also the main receptor for the promotion of axillary meristem activity in TDIF-related CLE signaling. However, a tdr mutation did not completely suppress the promotion of axillary bud formation by CLE42 peptide. This might be due to the presence of other receptor(s). These observations clearly show that TDIF-related peptides have a positive effect on the activity of axillary shoot meristems.
In contrast to the CLE41 and CLE44 genes, which are expressed preferentially in the vascular bundles, the expression of CLE42 is strong in the SAM, leaf primordia (Fig. 1B) , leaf axil (Fig. 1D) , the apical region of inflorescence stems (Fig. 1E) and inside the flower buds (Fig. 1F) . In flower buds, expression was especially strong in the region between the carpel and stamen primordia. Boundary regions are known to be the place for many genes involved in axillary meristem regulation to be expressed (Schmitz et al. 2005 , Hibara et al. 2006 , and CLE42 expression is also high in the proximity of these boundaries. Thus, it is likely that CLE42 has a distinct role in the regulation of axillary bud formation. However, a cle42 mutant line showed no difference in axillary shoot growth compared with the wild type (SALK_057407; data not shown). This might be because the redundancy of the TDIF-related genes masked the effect of the absence of CLE42 expression. In Arabidopsis, axillary bud activity is generally low, but, when the main shoot apex is damaged or reaches its maximum length, axillary buds are activated so that the plant can continue to grow. From this point of view, a physiological role for CLE42 might be the activation of axillary shoot formation in some stressful conditions. This may explain the apparent normal growth of cle42 mutants under laboratory low-stress culturing condition. However, we cannot exclude the possibility that TDIF-related peptides cause an abnormality in the vascular bundle that results in a growth disorder, which in turn indirectly promotes axillary bud formation, although mutants defective in vascular patterning are not always coupled with phenotypes in apical dominance (Semiarti et al. 2001 , Petricka et al. 2008 ).
TDIF-related peptides promote the initiation of axillary meristem formation as well as the outgrowth of axillary buds
In Arabidopsis, new axillary meristems are formed in the leaf axils. At first, there is no morphological sign of the meristem in the leaf axil. Then, at a certain point in development, a small number of cells in the center of the leaf axil repeatedly divide and form a bump or an axillary meristem (Long and Barton 2000) . Subsequently, the leaf primordia sequentially protrude out around the axillary meristem, making an axillary bud. At this stage, the axillary shoot becomes visible. Later on, after floral transition, some of the axillary shoots form flowers and begin to elongate the inflorescence stem.
From the eventual bushy appearance of the overexpression mutants (Fig. 2) , it is obvious that TDIF-related CLE peptides promote the outgrowth of axillary buds even in the vegetative phase. Furthermore, we found that morphological emergence of axillary meristems occurs much earlier in plants treated with exogenous TDIF-related CLE peptides than non-treated plants in the SEM images (Fig. 5) . In addition, more than one axillary bud occasionally formed in a single leaf axil of plants overexpressing TDIF-related genes or plants treated with TDIF-related peptides (Figs. 2D, 5D ). These observations indicate that TDIF-related CLE peptides promote the meristem initiation in the leaf axil. The fact that the overexpression of TDIF-related CLE genes and exogenous treatment with such peptides resulted in similar phenotypes strongly suggests that the functional forms of CLE41 and CLE42 gene products effective for meristem initiation are the same as the peptides we used for the experiment involving exogenous treatment.
Quantitative PCR and GUS expression analysis indicated that TDIF and CLE42 peptide treatment induced the increase and the expansion of STM expression in the area around the SAM including the leaf axils at the vegetative stage (Fig. 6,  Supplementary Fig. S3 ). This result supports the idea that TDIF-related peptides promote the initiation of the axillary meristem (Fig. 6) .
Transcription factors such as LATERAL SUPPRESSOR (LAS), REGULATION OF AXILLARY MERISTEMS (RAX) and REVOLUTA/INTERFASCICULAR FIBERLESS 1 (REV/IFL1) function in the initiation of the axillary meristem (Talbert et al. 1995 , Greb et al. 2003 , Keller et al. 2006 , Muller et al. 2006 ). Further study is necessary to identify the downstream processes of the CLE42/TDIF signal. These transcription factors may be candidates for downstream of the CLE42/TDIF signal in terms of axillary meristem initiation.
Materials and Methods
Plant materials and growth conditions
The coding sequence of CLE42 was amplified from cDNA of Col-0 wild-type plants with primers 5 0 -CCACATGAGATCTCCT CACATCACCAT-3 0 and 5 0 -CTACCTATTGGAGATGGGATT-3 0 and that of GUS was amplified from the pBGGUS vector (Kubo et al. 2005 ) with primers 5 0 -CACCATGTTACGTCCTGTAGAAA CCCCAACCCGT-3 0 and 5 0 -TTGTTTGCCTCCCTGCTGCGGTT TTTCACC-3 0 . They were cloned into the plant transformation vector pH35GS (Kubo et al. 2005 ) using the Gateway Cloning System (Invitrogen) to generate 35S pro :CLE42 and 35S pro :GUS constructs, respectively. For the production of the CLE42 pro : GUS construct, the 2 kb upstream region of the CLE42 gene was amplified from genomic DNA with primers 5 0 -CACCGGA TGAGTTATTTAGCATTTTTCTGGTGTA-3 0 and 5 0 -CACATGT TATACCAAATAAAAGATTATAAGCTTATATAATAATCA-3 0 and cloned into pBGGUS using the Gateway Cloning System. Col-0 wild-type plants were transformed by floral dipping (Clough and Bent 1998) . T 2 or T 3 progeny were used for experiments. The CLE41 pro :GUS and CLE44 pro :GUS lines were described previously (Hirakawa et al. 2008) . Seeds of tdr (tdr-2, SALK_009542) were distributed from the ABRC stock center (Fisher and Turner 2007, Hirakawa et al. 2008) . Seeds of STM pro :GUS were kindly donated by Dr. Mituhiro Aida (Takano et al. 2010 (HGVHypSGHypNPISN) ; 'Hyp' in the sequence stands for hydroxyproline. These peptides were chemically synthesized with a purity of >95% (Operon Biotechnologies).
GUS reporter assay
The plants expressing GUS reporter genes were grown on vermiculite (except for plants in Fig. 1A and B which were grown on 1/2 MS agarose medium) harvested, treated with 90% (v/v) acetone for 1 h at À20 C, washed twice with 100 mM sodium phosphate buffer (pH 7.0), transferred into X-gluc solution [2 mg/ml 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid (Wako), 100 mM sodium phosphate (pH 7.0), 100 mM EDTA, 0.1% Triton X, 2.5 mM potassium ferrocyanide and 2.5 mM potassium ferricyanide), unless otherwise stated], subjected to a vacuum for 20 min, incubated at 37 C for either 2 d (Fig. 1 ) or 2 h (Fig. 6 ), washed and decolorized in an ethanol series. Plants in Fig. 1A, C For sectioning of plants expressing the GUS reporter gene, the X-gluc-stained plant materials were fixed in 4% paraformaldehyde solution and embedded in Technovit 7100 resin according to the manufacturer's instructions (Heraeus Kulzer). The samples were then sectioned into 10 mm thick slices using a motorized microtome (RM2165, Leica) and examined using a Nomarski microscope (BX51, Olympus).
Quantitative RT-PCR
For Table 1 , total RNA was extracted using ISOGEN (Nippongene) from leaves of plants grown on 1/2 MS agarose medium for 25 d after germination. For Supplementary Fig. S3 , total RNA was extracted using an RNeasy Plant Mini Kit (Qiagen) from 13 shoots including the SAM of the wild type treated with no peptide, TDIF and CLE42 at a concentration of 5 mM for 14 d. First-strand cDNA was synthesized using a Superscript III First-strand Synthesis System according to the manufacturer's instructions (Invitrogen). Quantitative RT-PCR was performed using a LightCycler Real Time PCR System (Roche) with the TaqMan method (Roche). mRNA levels of the -tubulin A4 gene (TUA4) were used as an internal control. 
SEM imaging
SEM analysis was performed as described (Sawa et al. 1999) . Plant materials were fixed in a 1 : 3 mixture of acetic acid and ethanol, and then dehydrated through an ethanol series. The samples were dried using a critical-point drier (FDU-2100, EYELA) and the first leaves were removed from them. The samples were then platinum coated (JFC-1300, JEOL) and observed with a scanning electron microscope at 20 kV (JSM-6510LV, JEOL).
Supplementary data
Supplementary data are available at PCP online.
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